Abstract In order to improve detection and estimation performance of distributed OrthogonalFrequency-Division Multiplexing (OFDM) Multiple-Input Multiple-Output (MIMO) radar system in multi-target scene, we propose a novel approach of Adaptive Waveform Design (AWD) based on a constrained Multi-Objective Optimization (MOO). The sparse measurement model of this radar system is derived, and the method based on decomposed Dantzig selectors is applied for the sparse recovery according to the block structures of the sparse vector and the system matrix. An AWD approach is proposed, which optimizes two objective functions, namely minimizing the upper bound of the recovery error and maximizing the weakest-target return, by adjusting the complex weights of the emitting waveform amplitudes. Several numerical simulations are provided and their results show that the detection and estimation performance of the radar system is improved significantly when this MOO-based AWD approach is applied to the distributed OFDM MIMO radar system. Especially, we verify the effectiveness of our AWD approach when the available samples are reduced severally and the technique of compressed sensing is introduced.
Introduction
Recently, distributed Orthogonal-Frequency-Division Multiplexing (OFDM) Multiple-Input Multiple-Output (MIMO) radar system has attracted a lot of interest because this kind of radar system integrates the performance potentials of distributed MIMO radar and OFDM waveform. 1, 2 It has been demonstrated in extensive literature that MIMO radar has more outstanding performance than the Single-Input SingleOutput (SISO) counterpart. 3 Furthermore, compared with the collocated MIMO system, distributed MIMO radar has widely separated antennas, so it provides additional space diversity which is likely to benefit detection task. 4, 5 Waveform design is one of the most important issues for MIMO radar.
6,7 Different from phase-encoding orthogonal waveform, OFDM waveform provides the frequency diversity that may also be beneficial to radar detection. [8] [9] [10] What's more, one target usually has the different Doppler frequencies for the separate antennas of distributed radar system and OFDM waveform possesses high Doppler tolerance in general, 8 so this kind of waveform fits distributed radar especially. The OFDM waveform used in our work is composed of a number of Linear Frequency-Modulated (LFM) signals with the same bandwidth but different sub-carriers.
9,10 These LFM sub-waveforms are orthogonal to each other because they are separated in frequency domain.
Adaptive Waveform Design (AWD) has become an active topic in radar research domain over the past decades. [11] [12] [13] [14] [15] This technique devotes to improving radar performance by adjusting transmitted waveform adaptively according to the priori knowledge of the environment and/or the radar system.
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Many researchers have demonstrated the advantages of AWD for various radar configuration and operation tasks. Typically, the AWD approaches for several types of MIMO radars are discussed in Refs.
13-15 while the AWD algorithms are proposed for SISO radar systems in Refs. 11, 12 Note that Ref.
12 involves the scenario of multiple targets and that the AWD issues in Refs.
12,13 are presented from the view of information theory.
The contribution of our work in this paper is threefold. Firstly, we regard detection and estimation of multiple targets for distributed OFDM MIMO radar system as a problem of sparse recovery and derive the sparse measurement model of this radar system. The algorithm based on Decomposed Dantzig Selectors (DDS) is applied to our sparse recovery.
9,16 The study in Ref. 16 shows that DDS is more efficient than standard Dantzig Selector (DS) if both the system matrix and the sparse vector of the measurement model have the relevant block structures. Note that this sparse measurement model is also a key foundation to apply the technique of Compressed Sensing (CS) later.
Secondly, we propose a novel AWD approach based on the Multi-Objective Optimization (MOO) for distributed OFDM MIMO radar system. One objective function we construct is to minimize the upper bound of the recovery error, and the other is to maximize the return energy of the weakest target. The former commits to reduce the recovery error and the latter devotes to improving the detection and estimation for the weak targets. These two objective functions can be solved by the result in Refs.
17,18 and some convex optimization approaches 19 respectively. Furthermore, we apply the popular Nondominated Sorting Genetic Algorithm II (NSGA-II) to solve our MOO problem in this paper. 20 Generally, there exist a set of optimal solutions for a MOO problem, which are called Pareto-optimal solutions. 21 The complex amplitudes of the transmitted OFDM waveform can be adjusted adaptively according to the optimal solutions of this MOO problem.
Thirdly, we introduce the technique of CS to the proposed scheme in this paper. The acceptable sensor performance is likely to be realized by this emerging technique when available samples are reduced dramatically. 22 It has a special meaning to airborne and space-borne radar systems because their capability of data transmission is restricted by wireless links.
Several numerical examples are given in this paper to show the detection and estimation improvement induced by the proposed AWD approach for distributed OFDM MIMO radar system. Their results show that, evaluated by empirical Receiver Operation Characteristics (ROC) and Root Mean Square Error (RMSE), the AWD approach based on either of two objective functions performs better than the traditional manner in which the OFDM waveform with fixed uniform amplitudes are transmitted, and that the AWD approach based on the proposed MOO technique behaves best. We also provide the numerical simulations to assess the system performance when the CS technique is introduced to the proposed scheme in this paper. Their results show that the proposed MOObased AWD approach improves the system performance of distributed OFDM MIMO radar markedly when the available samples are reduced severally and the CS technique is applied.
The rest of the paper is organized as follows. We derived the sparse measurement model of distributed OFDM MIMO radar system in Section 2. Next, the DDS-based sparse recovery algorithm is stated briefly in Section 3. We proposed a novel AWD approach based on the MOO in Section 4. Some numerical examples and conclusions are provided in Section 5 and Section 6 respectively.
Measurement model
It is assumed that the distributed OFDM MIMO radar system has M T transmitters and M R receivers, and that there are K point targets which move in a two-dimensional (2-D) plane. Note that our work can be generalized easily to the threedimensional (3D) 
y in a Cartesian coordinate system. The ith transmitter and the jth receiver locate at t i ¼ ½t ix ; t iy and r j ¼ ½r j x ; r j y respectively. Each of the transmitters sends the OFDM signal at one sub-carrier. We assume that the total transmitted energy E ¼ P M T i¼1 E i ¼ 1 per pulse where E i is the energy of the emitting waveform at the ith sub-carrier.
The band-pass signal arriving at the jth receiver can be written as y j ðtÞ ¼ Re 
Dij are the signal attenuation, path delay and Doppler shift respectively corresponding to the kth target between the ith transmitter and the jth receiver. Note that the signal attenuation depends on many factors, such as the signal propagation path, target scattering and system loss. f i ¼ f c þ iDf is the ith sub-carrier of the emitting OFDM signal where f c is the operational carrier frequency. Df ¼ B=ðM T þ 1Þ is the spacing between the adjacent sub-carriers where B is the total bandwidth of the transmitted OFDM signal. The duration time of the transmitted waveform is defined as T. 
where hÁi is the inner product operator and c is the speed of the electromagnetic wave. u ðkÞ ti and u ðkÞ rj are the unit vector from the ith transmitter to the kth target and the unit vector from the kth target to the jth receiver respectively.
The received signal at every receiver is down converted and then sent to a bank of M T match filters which correspond to the signals at the M T sub-carriers. We assume that the Doppler shifts and the signal attenuation values of the targets almost
